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In this paper, the results of a parametric study on groundwater drawdown-induced surface settlement during tunneling in water-
bearing ground are presented. A calibrated stress–pore pressure coupled ﬁnite element model was adopted for the parametric analysis.
The results were analyzed to establish the relationships between key design issues, such as the ground surface settlement and groundwater
drawdown, and inﬂuencing factors. An artiﬁcial neural network (ANN)-based sensitivity analysis was performed to obtain insight into
the relative importance of the inﬂuencing factors. The results indicated that the primary inﬂuencing factors on the settlement develop-
ment are the thickness and stiﬀness of the soil layer within the drawdown zone and the lining permeability, while the initial void ratio and
the permeability of the soil layer were considered secondary inﬂuencing factors. Practical implications and ﬁndings of the study are
discussed.
 2016 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Tunneling activity in water-bearing ground may result in
unwanted groundwater inﬂow into the excavated area, thus
causing some groundwater drawdown. Tunneling-induced
groundwater drawdown has been known to induce associ-
ated ground settlements in addition to the settlements caused
by the unloading eﬀect due to excavation (Yoo, 2005; Yoo&
Kim, 2006). The related ground subsidence that occurs as a
result of the reduction in water pressure in the soil layers
can damage nearby structures or utilities (Fig. 1).
One of the major case studies concerning excessive
ground surface settlements during tunneling is the
Romeriksporten tunnel construction in Norway, wherehttp://dx.doi.org/10.1016/j.undsp.2016.07.002
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⇑ Fax: +82 31 290 7549.
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Peer review under responsibility of Tongji University and Tongji
University Press.more than 1 m of ground subsidence occurred due to
groundwater drawdown during the construction of a
high-speed railway tunnel. This caused signiﬁcant technical
and political issues pertaining to the eﬀect of tunneling on
the surrounding environment (NSERA, 1995). Another
signiﬁcant case study was reported by Yoo, Lee, Kim,
and Kim (2012) in which conventional tunneling in
water-bearing permeable ground under an airport in oper-
ation caused excessive ground surface settlements on the
apron area due to inadequate groundwater control. Fig. 2
(a) shows a typical tunnel cross-section with the support
pattern that was implemented. Although pre-grouting
was implemented by creating a 5-m-thick watertight shell
around the tunnel periphery for sections in which the
weathered soil layer extended to the tunnel crown level, sig-
niﬁcant ground drawdown, as much as 25 m, occurred
(Fig. 2(b)). The groundwater drawdown caused nearly
200 mm of excessive surface settlements as shown in
Fig. 2(c). Details of the case study can be found in Yooand hosting by Elsevier B.V. on behalf of Owner.
ommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Illustration of groundwater drawdown-induced ground settlement
during tunneling.
C. Yoo /Underground Space 1 (2016) 20–29 21et al. (2012). The above case studies emphasize the impor-
tance of groundwater and settlement control during tunnel-
ing operations in groundwater drawdown environments.
The limited number of studies on this subject include
Attewell, Yeates, and Selby (1986), O’Reilly, Mair, and
Alderman (1991), Mair, Potts, and Hight (1991), Bowers,
Hiller, and New (1996), and Anagnostou (2002), in which
the characteristics of ground surface settlement caused by
tunneling in water-bearing ground were studied. Later,
Yoo (2005) conducted a comprehensive study focusing on(a) cross
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Fig. 2. Case study of excessive groundthe interaction between tunneling and groundwater during
tunneling in water-bearing ground. He reported that the
groundwater drawdown induces a wider and deeper settle-
ment trough than that without the groundwater draw-
down, and the optimum pattern of pre-grouting that
minimizes the groundwater drawdown during tunneling.
Recently, Shen, Wu, Cui, and Yin (2014) conducted a com-
prehensive study on long-term settlement behavior of the
metro tunnel in Shanghai. They reported that nearby con-
struction and groundwater inﬁltration are responsible for
the long-term settlement of the tunnel.
Although not directly related to tunneling, studies on
ground movements due to groundwater lowering caused
by dewatering have also provided relevant ground move-
ment mechanisms due to groundwater lowering. Available
studies include Shen, Tang, Bai, and Xu (2006), Qiao and
Liu (2006), Xu, Shen, and Bai (2006), Shen and Xu
(2011), Shen, Ma, Xu, and Yin (2013), which focus on
the eﬀect of groundwater lowering on long-term ground
subsidence caused by dewatering in Shanghai area. More
recently, Xu et al. (2015) conducted an investigation into
subsidence hazards due to groundwater pumping from an
aquifer in Changzhou. The reported governing mechanism
of ground subsidence due to groundwater lowering has sig-
niﬁcant implications to the tunneling problem.-section 
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settlement (after Yoo et al., 2012).
22 C. Yoo /Underground Space 1 (2016) 20–29The aforementioned studies have provided insight into
the governing mechanism relevant to groundwater
drawdown-induced ground settlement during tunneling.
Further in-depth studies are necessary to develop more eﬃ-
cient and robust measures for control of groundwater
drawdown and associated ground settlement during tun-
neling in water-bearing ground.
In this study, the results of a parametric study on ground-
water drawdown-induced surface settlement during an
urban tunneling situation are presented. Numerous tunnel-
ing cases were developed for consideration of the Seoul
metro extension design project, in which the control of
ground settlements associated tunneling-induced ground-
water drawdown was a primary design issue. A parametric
analysis was performed on the developed tunneling cases
to create a database using a calibrated stress–pore pressure
coupled ﬁnite element model which can simulate the tunnel-
ing and groundwater interaction. An artiﬁcial neural net-
work (ANN) based sensitivity analysis was performed to
provide insight into the relative importance of the inﬂuenc-
ing factors.
The results indicated that the primary inﬂuencing factors
on the settlement development are the thickness, stiﬀness of
the soil layer within the drawdown zone, and the lining per-
meability. The initial void ratio and the permeability of the
soil layer are found out to be secondary inﬂuencing factors.
Strategies that minimize the inﬂow quantity are therefore of
prime importance in limiting the ground surface settlement
during tunneling in water-bearing ground. The following
sections present the tunneling cases considered, the 2DtsH
8.5 m
5 m
Fig. 3. Schematic diagram of the t
Table 1
Geotechnical properties of soil/rock layers.
Rock type (RMR) Description c (kN/m3) c0 (k
– Fill 18 21
V (<33) Weathered rock 22 70
IV (33–40) Soft rock 24 440
III (40–55) Medium rock 25 1,20
II (55–75) Solid rock 27 2,30stress–pore pressure ﬁnite element model, results, and the
practical implications of the ﬁndings.
2. Parametric study
2.1. Tunneling condition
In this study, a tunnel section with a width and height of
approximately 10 m and 8.5 m, respectively, was considered.
The typical tunneling condition considered in this study is
shown in Fig. 3. The tunneling cases considered in this study
were developed with consideration of the Seoul metro exten-
sion project. As shown in Fig. 3, multi-layered ground con-
sisting of a ﬁll or alluvium, a weathered rock, and soft as
well as hard rock, was considered. Geotechnical properties
of the soil/rock layers considered are given in Table 1.
Diﬀerent support patterns, speciﬁcally PD-2B, PD-2A,
and PD-3B, were adopted depending on the ground type
at the face as summarized in Table 2. As shown, the pri-
mary support system consisted of a 0.15–0.25-m-thick steel
ﬁber reinforced shotcrete (SFRS) layer with 4 m long sys-
tem rock bolts at (0.8–1.0) m and (1.0–1.2) m transverse
and longitudinal spacing, respectively. The pipe umbrella
technique using 800-mm diameter grout-injected 12 m long
steel pipes was adopted for PD-2B to promote face stability
by improving the load carrying capacity of the ground in
front of the face. Fore poling is adopted when necessary
for the remaining support patterns. Pre-grouting or post-
grouting was not adopted, although the groundwater level
was assumed to be at ground level (GL) – 3 m.Soil
Weathered rock
Soft rock
Hard rock
unneling condition considered.
Pa) u (deg.) m E (MPa) k (cm/s)
29 0.32 20 2.7  103
32 0.30 290 6.2  104
37 0.27 910 2.9  105
0 40 0.25 4,000 1.4  105
0 42 0.23 10,250 6.6  106
Table 2
Summary of support patterns used.
Support pattern PD-2B PD-3A PD-3B
Cross-section
Ground type 0.5D above crown Weathered soil Weathered rock Weathered rock
Face Weathered rock Weathered rock Soft rock
Excavation method Ring-cut Bench-cut Bench-cut
Unit advancement (m) 0.8 1.0 1.0
Shot’c Type Steel ﬁber reinforced
Thickness (mm) 250 (50 + 100 + 100) 250 (50 + 100 + 100) 200(50 + 100 + 50)
Rock bolt Length (m) 4.0 4.0 4.0
Spacing trans/long (m) 0.8/1.0 1.0/1.2 1.0/1.2
Steel support Type H-125 H-125 LG-70
Con’c lining Thickness (mm) 400 400 400
Auxiliary method Umbrella method Fore poling Fore poling
Table 3
Cases considered in the parametric study.
Cover depth (H) Rock type Thickness of soil (ts) Void ratio of soil layer Permeability of Shot’c kshot (cm/s)
3D II 1.5D 0.7/1.0/1.4 2  105/2  106/2  107
III 1.0D/1.5D 0.7/1.0/1.4 2  105/2  106/2  107
IV 0.5D/1.0D/1.5D 0.7/1.0/1.4 2  105/2  106/2  107
5D II 3.0D 1.0 2  105/2  106/2  107
III 2.0D/3.0D 1.0 2  105/2  106/2  107
IV 1.0D/2.0D/3.0D 1.0 2  105/2  106
7D II 3.0D 0.7/1.0/1.4 2  105/2  106/2  107
III 2.0D/3.0D 0.7/1.0/1.4 2  105/2  106/2  107
IV 1.0D/2.0D/3.0D 0.7/1.0/1.4 2  105/2  106
C. Yoo /Underground Space 1 (2016) 20–29 23Considering the ground proﬁle and the support patterns
mentioned above, a number of tunneling conditions were
developed to perform a parametric study. Table 3 summa-
rizes the tunneling conditions considered in the parametric
study. In all cases, the groundwater table was assumed to
be at the ground surface.
2.2. Stress–pore pressure coupled ﬁnite element analysis
A stress–pore pressure coupled ﬁnite element model was
adopted in this study for realistic simulation of tunneling18D
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Fig. 4. A typical ﬁnite eleand groundwater interaction. This was necessary because
realistic simulation of tunneling and groundwater interac-
tion was essential to successfully model ground movement
development during tunneling in groundwater drawdown
environments. In the coupled formulation, a porous med-
ium is modeled approximately by attaching the ﬁnite ele-
ment mesh to the solid phase. Details of the coupled
formulation can be found in Abaqus (2016).
Fig. 4 shows a typical ﬁnite element model adopted in
this study. Due to the symmetry about the tunnel center-
line, only half of the tunnel section was modeled. Asegration Point
epressure DOF
placement DOF
t Type : CPE8RP
Initial Porepressure
ment model adopted.
24 C. Yoo /Underground Space 1 (2016) 20–29shown, the ﬁnite-element mesh extends vertically to the
solid rock layer and laterally to a distance of 18D from
the tunnel central axis. At the vertical boundaries, displace-
ments perpendicular to the boundaries are restrained,
whereas pin supports were applied to the bottom bound-
ary. With regard to the hydraulic boundary conditions
and with reference to Fig. 4, a no-ﬂow condition was
assigned to the left vertical boundary while a constant
hydraulic water pressure was assumed at the right vertical
boundary throughout the analysis with the groundwater
level at the ground surface. The locations of the lateral
and bottom boundaries were selected so that the presence
of the artiﬁcial boundaries does not signiﬁcantly inﬂuence
the stress–strain–pore pressure ﬁeld in the domain. Free
drainage was allowed at the excavated surface by assigning
zero-pore pressure ﬂow boundary condition to allow the
water inﬂow to occur during tunnel excavation.
In the discretization, eight-node displacements and pore
pressure elements with reduced integration (CPE8RP) were
used for the soil/rock layers below the initial groundwater
table and the shotcrete lining. On the other hand, the soil
layer above the groundwater table was discretized using
eight-node stress/displacement elements (CPE8R). The soil
and rock layers were assumed to be an elasto-plastic mate-
rial conforming to the Mohr–Coulomb failure criterion
together with the non-associated ﬂow rule proposed by
Davis (1968). The shotcrete lining was assumed to behave
in a linear elastic manner. The time dependency of the
strength and stiﬀness of the shotcrete lining after installa-
tion was not modeled in the analysis, but rather an average
value of Young’s modulus of 10 GPa, representing green
and hard shotcrete conditions reported in the literature
(Queiroz, Roure, & Negro, 2006), was employed.
In simulating the tunneling process, the actual tunneling
sequence adopted at the site was followed closely. Prior to
the tunnel excavation, the pore pressure below the ground
water table was assumed to be hydrostatic. After establish-
ing the initial stress and pore pressure conditions, the tun-
nel excavation was executed for ﬁve days by removingy = 3.2x + 3.92
R2 = 0.677Condition
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Fig. 5. Eﬀects of ts and kshot onelements corresponding to the excavation area, after which
the shotcrete lining installation was simulated for another
ﬁve days. Immediately after excavation, the zero-pore pres-
sure ﬂow boundary condition was assigned to the excava-
tion boundary. The tunnel operation phase was simulated
in the subsequent step for 10 years to allow for water
inﬂow, if any occurs. The pipe umbrella and fore poling
were not modeled to simplify the analysis. The results pre-
sented in this paper are therefore considered conservative
in terms of tunnel deformation and ground settlement.
The 3D eﬀects of the advance of a tunnel heading were
considered using the ‘‘stress relaxation method”, which
progressively applies the boundary stresses arising from
the removal of excavated elements to simulate the progres-
sive release of the excavation forces as the tunnel heading
advances. Modeling the 3D eﬀects using a 2D model for
a tunneling problem is beyond the scope of study and
can be found elsewhere (Bernat & Cambou, 1995; Yoo &
Kim, 2007).3. Results of parametric study
3.1. Eﬀects of inﬂuencing factors on ground surface
settlement
Fig. 5 shows the variations of Sv,max with the thickness
of the soil layer (ts) within the drawdown zone and the
shotcrete lining permeability coeﬃcient (kshot). The results
shown in Fig. 5 emphasize the importance of the thickness
of the soil layer (ts) in the drawdown zone and the shotcrete
lining permeability coeﬃcient (kshot) on the maximum sur-
face settlement (Sv,max) development. It should be noted
that kshot is indirectly related to the amount of groundwater
inﬂow into the tunnel. Despite the scattering of the data
shown in Fig. 5(a), Sv,max increases as ts increases. Addi-
tionally, for a given thickness of soil layer ts, Fig. 5(b)
shows that the settlement Sv,max increases with increasing
shotcrete lining permeability kshot primarily due to larger
water inﬂow into the tunnel when kshot is larger. The rateCondition
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Permeability of soil layer : 2.7×10-3 cm/sec
Thickness Soil Layer
8.5m 3.7m
2.1m
0
20
40
60
80
100
1.0×10-7 1.0×10-6 1.0×10-5 1.0×10-4
M
ax
. s
et
tle
m
en
t, 
S v
,m
ax
 
(m
m)
Permeability of lining, kshot, (cm/sec)
)b( max,vS  vs. shotk
maximum settlement Sv,max.
C. Yoo /Underground Space 1 (2016) 20–29 25that Sv,max increases with an increase in kshot appears to be
higher when the thickness of the soil layer within the draw-
down zone, ts, is larger.
The variations of Sv,max with the geotechnical parame-
ters of the soil layer within the groundwater drawdown
zone are shown in Fig. 6. The salient feature that is
observed in Fig. 6 is that Sv,max tends to vary most with
the stiﬀness of the soil layer E, as shown in Fig. 6(a) where
Sv,max varies more than 100% for the range of E considered.
The initial void ratio e and the permeability ks of the soil
layer, however, exhibit less than 15% variation for the
range of soil layer thickness ts = (2–8.5)m considered, as
shown in Fig. 6(b) and (c). These results imply that the stiﬀ-
ness of soil layer E is the primary inﬂuencing factor while
other parameters, such as the initial void ratio e and the
permeability ks, are the secondary inﬂuencing factors.3.2. Sensitivity analysis using artiﬁcial neural network
(ANN)
A generalized ANN can be used to identify which of the
input variables have more signiﬁcant impact on the predic-
tions by performing a sensitivity analysis (Yoo & Kim,
2007). In this study, an ANN model that relates the maxi-20 40
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Fig. 6. Variations of Sv,max with geotechmum ground surface settlement (Sv,max) and the groundwa-
ter drawdown (HD) with the tunneling parameters was used
to perform the sensitivity analysis.3.2.1. Artiﬁcial neural network
Artiﬁcial neural network (ANN) is a simpliﬁed mathe-
matical model inspired by the biological structure and
functioning of the brain. The main advantage of ANN is
an ability to learn, recall, and generalize using training data
by assigning or adjusting the connection weights (wkj)
(Fig. 7). Once trained with proper data, an ANN can suc-
cessfully describe relationships between variables that may
be diﬃcult using mathematical terms. The theoretical back-
ground of ANN is beyond the scope of this paper and can
be found elsewhere (Hornik, Stinchcombe, & White, 1989).3.2.2. ANN training
The results of the stress–pore pressure coupled ﬁnite ele-
ment analysis (FEA) were used to develop an ANN model
that relates the maximum ground surface settlement (tar-
get) and the inﬂuencing factors (input). The inﬂuencing fac-
tors considered include cover depth (H), ground type at
face (GR), thickness (ts) and void ratio (e) of the ﬁll layer,60 80
Thickness Soil Layer
8.5m 3.7m
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0-6 cm/sec
2.7×10-3 cm/sec
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Fig. 7. Typical structure of ANN.
26 C. Yoo /Underground Space 1 (2016) 20–29permeability coeﬃcient of shotcrete lining (kshot), and con-
struction time (P).
In total, 148 data sets were created, which were then fur-
ther divided into three subsets (training set, testing set, and
validation set) to avoid model overﬁtting as suggested by
Shahin, Maier, and Jaksa (2002). A total of 80% of the data
sets was used for training and the remaining 20% was used
for validation. The training data were further divided into
70% for the training set and 30% for the testing set. The
data sets used for ANN training are given in Table 4. After
dividing the data into subsets, the data were pre-processed
before being input to the ANN so that all variables receiveTable 4
Data sets used for ANN development.
Input parameters
H GR ts e ksho
3D IV 0.5D 1.0 0.00
3D IV 0.5D 1.0 0.00
3D IV 0.5D 1.0 0.00
3D IV 0.5D 1.0 0.00
3D IV 1.0D 1.0 0.00
..
. ..
. ..
. ..
. ..
.
3D III 1.5D 0.7 0.00
3D III 1.5D 0.7 0.00
3D III 1.5D 0.7 0.00
..
. ..
. ..
. ..
. ..
.
3D IV 1.5D 1.4 0.00
3D IV 1.5D 1.4 0.00
..
. ..
. ..
. ..
. ..
.
7D IV 3.0D 1.4 0.00
7D IV 3.0D 1.4 0.00
7D IV 3.0D 1.4 0.00
..
. ..
. ..
. ..
. ..
.
7D III 3.0D 1.4 0.00
7D III 3.0D 1.4 0.00
..
. ..
. ..
. ..
. ..
.
7D III 3.0D 0.7 0.00
7D III 3.0D 0.7 0.00equal attention during training. This was accomplished by
scaling the output variables to values between 0 and 1 to
commensurate with the limits of the transfer function
(log-sigmoidal function) used in the output layer.
A feedforward network was adopted, which uses the
back-propagation algorithm (Rumelhart, Honton, &
Williams, 1986, chap. 8) based on the ﬁrst-order gradient
descent. As performance of an ANN model is signiﬁcantly
inﬂuenced by how the model architecture is selected, an
optimum number of hidden layer nodes and optimum
internal parameters (i.e., momentum term and learning
rate) were determined by examining the performance of
ANN with these parameters using the testing set.
Figs. 8 and 9 show the performance of the ANN for the
training and validation sets. As shown in these ﬁgures,
excellent correlations between the ANN predictions and
the target values are observed in the output variables. Sta-
tistically, excellent predictive capability is demonstrated as
the coeﬃcient of determination R2 values exceed 99%. This
demonstrates the consistent predictive capability of the
ANN model for the validation sets and training sets.3.2.3. Sensitivity analysis
To further investigate the relative importance of the
inﬂuencing factors on the maximum ground surface settle-
ment as well as the groundwater drawdown, a sensitivity
analysis was carried out using the developed ANN follow-
ing the technique proposed by Garson (1991), which uti-
lizes connection weights for the input and hidden layers
ðwij; i ¼ input;j ¼ outputÞ and for the hidden layers and
output (woj; o ¼ output;j ¼ hidden layer) of the trainedOutput
t (m/day) P (day) HD (m) Sv,max (mm)
02 317 26.50 98.86
002 293 22.31 86.05
0002 1027 7.92 42.69
0002 283 6.75 38.95
02 375 26.50 100.64
..
. ..
. ..
.
02 1027 7.80 14.05
02 395 5.83 11.79
0002 283 3.75 7.78
..
. ..
. ..
.
0002 1027 6.95 44.94
0002 475 6.7 43.25
..
. ..
. ..
.
02 233 56.42 383.32
02 537 62.80 451.35
02 1027 63.52 438.96
..
. ..
. ..
.
002 376 5.15 27.08
002 1027 8.37 38.54
..
. ..
. ..
.
0002 254 4.18 22.71
0002 558 6.60 31.43
(a)
max,vS (b) DH
Fig. 8. Computed values versus predicted values for training.
(a) max,vS (b) DH
Fig. 9. Computed values versus predicted values for validation.
C. Yoo /Underground Space 1 (2016) 20–29 27ANN. The relative importance index (RI) can be computed
using Eq. (1).
RIi ð%Þ ¼ SiP f
i¼aSi
ð1Þ
where, Si ¼
P f
i¼arij; relative contribution ri ¼ jcijjP f
i¼ajcijj
; and
connection weights for the input and output cij = wij  woj.
The computed relative importance values are plotted in
Fig. 10. As shown in Fig. 10(a), for the ground surface set-
tlement, the permeability coeﬃcient of shotcrete (kshot) is
the most inﬂuential factor with RI = 30%, followed by
the cover depth (H) with RI = 28%. The other remaining
factors appear to have a similar degree of inﬂuence with
RI values of approximately 10%. Similar results are shownin Fig. 10(b), in which the permeability coeﬃcient of shot-
crete (kshot) also has the largest eﬀect on HD with an RI
value of 25%, followed by the cover depth, void ratio,
and thickness of ﬁll with RI values of approximately
17%. The thickness of the ﬁll layer appears to be the least
inﬂuential factor with an RI value of 10%. The construc-
tion period P has moderate inﬂuence with an RI value of
12%.
In summary, the sensitivity analysis indicated that the
permeability coeﬃcient of shotcrete lining has the largest
inﬂuence on the ground surface settlement as well as the
groundwater drawdown during tunneling in water-
bearing ground. This is because the permeability coeﬃcient
of shotcrete is directly related to the water inﬂow during
tunneling, which controls the magnitude of groundwater
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Fig. 10. Results of sensitivity analysis using ANN.
28 C. Yoo /Underground Space 1 (2016) 20–29drawdown and, therefore, the ground surface settlement. It
is concluded that minimization of the water inﬂow quantity
into the excavation area is of utmost importance in control-
ling the ground surface settlement during tunneling in
water-bearing ground.4. Conclusions
The results of a parametric study on the groundwater
drawdown-induced surface settlement during tunneling in
water-bearing ground are presented. Numerous cases were
developed considering the Seoul metro extension design
project, in which ground settlements associated with
tunneling-induced groundwater drawdown was an impor-
tant design issue. A calibrated stress–pore pressure coupled
ﬁnite element model, which can simulate the tunneling and
groundwater interaction, was adopted for the parametric
analysis. The results were used to establish relationships
between the ground surface settlement as well as ground-
water drawdown and the inﬂuencing factors. An artiﬁcial
neural network (ANN)-based sensitivity analysis was per-
formed to obtain insight into the relative importance of
the inﬂuencing factors. The following conclusions can be
made based on the ﬁndings from this study, however, they
are limited to design cases similar to those considered in
this study.
(1) The groundwater drawdown during tunneling causes
an increase in the eﬀective stress in the drawdown
aﬀected area due to the pore pressure reduction
caused by the drawdown. The reduction in the void
ratio causes additional settlement in addition to the
settlement that occurs by the unloading eﬀect due
to tunnel excavation.
(2) The primary inﬂuencing factors on settlement devel-
opment are the thickness and stiﬀness of the soil layer
within the drawdown zone, and the shotcrete lining
permeability (amount of water inﬂow). The initial
void ratio and the permeability of the soil layer within
the drawdown zone are secondary inﬂuencing factors.(3) The ANN-based sensitivity analysis indicates that the
permeability coeﬃcient of shotcrete lining has the lar-
gest relative importance value, which suggests that
the permeability coeﬃcient of shotcrete lining has
the largest inﬂuence on the ground surface settlement
as well as the groundwater drawdown during tunnel-
ing in water-bearing ground.
(4) Measures that minimize the inﬂow quantity are of
utmost importance in limiting the ground surface set-
tlement during tunneling in water-bearing ground.Acknowledgements
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